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(57) ABSTRACT 

A reflective-type projection optical system has 8 reflective 
mirrors that form a reduced image of a first Surface on a 
second Surface. A first reflective imaging optical system (G1) 
forms an intermediate image of the first Surface, and a second 
reflective imaging optical system (G2) forms an image of the 
intermediate image on the second surface. The first reflective 
imaging optical system has, from the first Surface side in order 
of light beam incidence, a first reflective mirror (M1), a sec 
ond reflective mirror (M2), a third reflective mirror (M3), and 
a fourth reflective mirror (M4). The second reflective imaging 
optical system has, from the first surface side in order of light 
beam incidence, a fifth reflective mirror (M5), a sixth reflec 
tive mirror (M6), a seventh reflective mirror (M7), and an 
eighth reflective mirror (M8). At least one of the reflective 
surfaces of these 8 reflective mirrors is composed of a spheri 
cal Surface. 

13 Claims, 21 Drawing Sheets 
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REFLECTIVE-TYPE PROJECTION OPTICAL 
SYSTEMAND EXPOSURE APPARATUS 

EQUIPPED WITH SAID REFLECTIVE-TYPE 
PROJECTION OPTICAL SYSTEM 

TECHNICAL FIELD 

The present invention pertains to a reflective-type projec 
tion optical system and an exposure apparatus equipped with 
the reflective-type projection optical system; pertaining, for 10 
example, to a reflective-type projection optical system Suited 
to an X-ray projection exposure apparatus that transfers a 
circuit pattern on a mask onto a photosensitive Substrate by 
mirror projection method using X-ray (EUV light). 

15 
BACKGROUND OF THE INVENTION 

Conventionally, in an exposure apparatus used in the 
manufacture of semiconductor elements and the like, a circuit 
pattern formed on a mask (reticle) is projection transferred 20 
onto a photosensitive Substrate such as a wafer via a projec 
tion optical system. Resist is coated onto the photosensitive 
Substrate and the resist is sensitized by projection exposure 
via the projection optical system, obtaining a resist pattern 
corresponding to the mask pattern. 25 

Thus, the resolution power W of the exposure apparatus is 
dependent on wavelength w of the exposure light and numeri 
cal aperture NA of the projection optical system and is 
expressed by the following formula (a). 

W=K-VNA (K: constant) (a) 30 

Accordingly, in order to improve the resolution power of 
the exposure apparatus, it is necessary to either shorten the 
wavelength w of the exposure light or increase the numerical 
aperture NA of the projection optical system. In general, from 35 
an optics design perspective it is difficult to increase the 
numerical aperture NA of the projection optical system above 
a specific value; therefore from this point it is necessary to 
shorten the wavelength of the exposure light. For example, as 
an exposure light, an image resolution power of 0.25um can 40 
be obtained using a KrF excimer laser of wavelength 248 nm, 
and an image resolution power of 0.1 um or less can be 
obtained at a wavelength of 13 nm using, for example, an ArE 
excimer laser of wavelength 193 nm. 
By the way, in the case where X-rays are used as the 45 

exposure light, usable transmissive optical materials and 
refractive optical materials are not available; therefore a 
reflective-type mask and a reflective-type projection optical 
system are used. Conventionally, as a projection optical sys 
tem that can be applied in an exposure apparatus using X-rays 50 
as the exposure light, various reflective-type projection opti 
cal systems have been proposed, such as Unexamined Patent 
Application Publication No. H9-21 1332 Official gazette (ap 
plication corresponding to U.S. Pat. No. 5,815.310) and 
Unexamined Patent Application No. 2002-139672 Official 55 
gazette (application corresponding to U.S. Pat. No. 6,710, 
917). 

However, in the reflective-type projection optical system 
disclosed in U.S. Pat. No. 5,815,310 as a conventional 
example of a reflective-type projection optical system com- 60 
posed of 6 reflective mirrors, all 6 reflective mirrors are con 
figured having aspheric reflective surfaces; therefore, normal 
aspheric finishing (grinding, polishing) and measurement 
processes are necessary, causing much effort, time and cost. 

In addition, in the reflective-type projection optical system 65 
disclosed in U.S. Pat. No. 6,710,917 as a conventional 
example of a reflective-type projection optical system com 

2 
posed of 8 reflective mirrors, the sixth mirror of the 8 reflec 
tive mirrors is formed of spherical surfaces. In an embodi 
ment of the publication concerned, between the second and 
third reflective mirrors, and then between the sixth and sev 
enth reflective mirrors, an optical system having two inter 
mediate images is used; the sixth reflective mirror is a reflec 
tive mirror having a use region (the region where light beams 
that contribute to imaging are reflected by the reflective mir 
ror, also called “effective region') in a position farthest from 
the optical axis. Thus, by forming the sixth reflective mirror, 
having a use region separated from the optical axis, as a 
spherical surface, inspection of the sixth reflective mirror is 
easily done using an interferometer. This is because the far 
ther away the use region is from the optical axis, the harder it 
is to inspect the degree of asphericity using an interferometer. 
However, in the reflective-type projection optical system con 
cerned, there is the problem that the effective diameter of the 
sixth reflective mirror ends up expanding to close to 800 mm. 
In addition, with respect to as many reflective mirrors as 
possible, in order to maintain a use region close to the axis, a 
triple imaging optical system equipped with two intermediate 
images Z1 and Z2 is used. For that reason, there is also the 
problem that extension of the distance from the physical 
object to the image (distance between object and image) to 
close to 2m cannot be avoided, expanding the size of the 
entire optical system. In addition, because the reflective mir 
rors are aspheric Surfaces, which demand more stringent 
manufacturing tolerances, distortion caused by manufactur 
ing tolerances occurs easily when the projection optical sys 
tem is actually manufactured, and it is difficult to manufacture 
an optical system that is true to the design. 

SUMMARY OF THE INVENTION 

The present invention has been made by considering the 
above problems, and has as an object the provision of a 
reflective-type projection optical system that greatly reduces 
the time and expense needed for manufacturing by miniatur 
izing the reflective mirrors as well as reducing the entire 
length of the optical system by means of using a double 
imaging optical system equipped with 8 reflective mirrors, of 
which at least one reflective mirror is formed in a spherical 
shape. In addition, the present invention has another object of 
providing a projection optical system with relatively eased 
manufacturing tolerance requirements. Furthermore, it has 
the object of providing, by applying the projection optical 
system of the present invention to an exposure apparatus, an 
exposure apparatus that can maintain a high resolution power 
using X-rays for example as the exposure light. 

In order to resolve the above mentioned problems, a first 
embodiment of the present invention provides, with respect to 
a reflective-type projection optical system that has 8 reflective 
mirrors and that forms a reduced image of a first Surface on a 
second Surface. The reflective-type projection optical system 
has a first reflective imaging optical system for forming an 
intermediate image of the first Surface and a second reflective 
imaging optical system for forming an image of the interme 
diate image on the second surface; the first reflective imaging 
optical system has, from the first surface side in order of light 
beam incidence, a first reflective mirror M1, a second reflec 
tive mirror M2, a third reflective mirror M3, and a fourth 
reflective mirror M4; the second reflective imaging optical 
system has, from the first surface side in order of light beam 
incidence, a fifth reflective mirror M5, a sixth reflective mir 
ror M6, a seventh reflective mirror M7, and an eighth reflec 
tive mirror M8; and at least one of the reflective surfaces of 
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these 8 reflective mirrors is composed of a spherical surface 
while the other reflective surfaces consist of aspheric sur 
faces. 
By means of the projection optical system concerned, the 

maximum effective diameter of the reflective mirrors com 
posing the projection optical system can be reduced while 
also reducing the overall length of the optical system, pre 
venting expansion of the apparatus. 

In a second embodiment of the second invention, an expo 
Sure apparatus is provided having an illumination system for 
illuminating a mask set on a first Surface and a reflective-type 
projection optical system for projection exposure of the mask 
pattern onto a photosensitive Substrate set on a second Sur 
face. According to a preferable form of the second embodi 
ment, the illumination system has a light Source for Supplying 
X-rays as the exposure light, and the mask pattern is projec 
tion exposed onto the photosensitive Substrate by moving the 
mask and the photosensitive substrate relative to the reflec 
tive-type projection optical system. 

In the reflective-type projection optical system of the 
present embodiments, by using a double imaging optical 
system equipped with 8 reflective mirrors, of which the sur 
face of at least one is formed in a spherical shape, Surface 
finishing (grinding, polishing), measurement of the reflective 
mirrors, and assembly adjustments can be done relatively 
easily while reducing the size of the reflective mirrors as well 
as reducing the overall length of the optical system, and the 
time and expense needed for manufacturing can be greatly 
reduced. In addition, by forming in a spherical shape at least 
the surface of that reflective mirror that requires a relatively 
severe manufacturing tolerance, from among the 8 reflective 
mirrors in the reflective projection optical system it is pos 
sible to manufacture relatively easily a reflective optical sys 
tem that has high precision requirements. 

In addition, by applying the reflective-type projection opti 
cal system to an exposure apparatus, it is possible to use 
X-rays as the exposure light. In this case, the mask pattern is 
projection exposed onto the photosensitive Substrate by mov 
ing the mask and the photosensitive Substrate relative to the 
projection optical system. 
As a result, it is possible to manufacture a highly precise 

micro-device under favorable exposure conditions using a 
scanning-type exposure apparatus having a large resolution 
power. 

BRIEF EXPLANATION OF DRAWINGS 

FIG. 1 is a drawing showing an outline of the configuration 
of the exposure apparatus of an embodiment of the present 
invention. 

FIG. 2 is a drawing showing the positional relationship 
between the arc-shaped exposure region formed on the wafer 
(that is to say, the effective exposure region) and the optical 
axis. 

FIG. 3 is a drawing showing the configuration of the pro 
jection optical system of a first embodiment of the present 
invention. 

FIG. 4 is a drawing showing coma aberration in the pro 
jection optical system of the first embodiment. 

FIG. 5 is a drawing showing the configuration of the pro 
jection optical system of a second embodiment of the present 
invention. 

FIG. 6 is a drawing showing coma aberration in the pro 
jection optical system of the second embodiment. 

FIG. 7 is a drawing showing the configuration of the pro 
jection optical system of a third embodiment of the present 
invention. 
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4 
FIG. 8 is a drawing showing coma aberration in the pro 

jection optical system of the third embodiment. 
FIG. 9 is a drawing showing the configuration of the pro 

jection optical system of a fourth embodiment of the present 
invention. 

FIG. 10 is a drawing showing coma aberration in the pro 
jection optical system of the fourth embodiment. 

FIG. 11 is a drawing showing the configuration of the 
projection optical system of a fifth embodiment of the present 
invention. 

FIG. 12 is a drawing showing coma aberration in the pro 
jection optical system of the fifth embodiment. 

FIG. 13 is a drawing showing the configuration of the 
projection optical system of a sixth embodiment of the 
present invention. 

FIG. 14 is a drawing showing coma aberration in the pro 
jection optical system of the sixth embodiment. 

FIG. 15 is a drawing showing the configuration of the 
projection optical system of a seventh embodiment of the 
present invention. 

FIG. 16 is a drawing showing coma aberration in the pro 
jection optical system of the seventh embodiment. 

FIG. 17 is a drawing showing the configuration of the 
projection optical system of an eighth embodiment of the 
present invention. 

FIG. 18 is a drawing showing coma aberration in the pro 
jection optical system of the eighth embodiment. 

FIG. 19 is a drawing showing the configuration of the 
projection optical system of a ninth embodiment of the 
present invention. 

FIG. 20 is a drawing showing coma aberration in the pro 
jection optical system of the ninth embodiment. 

FIG. 21 is a drawing showing a flow chart for an example 
of a technique for obtaining a semiconductor device as a 
microdevice. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

In the reflective-type projection optical system of the 
present invention, light from a first Surface (object surface) 
forms an intermediate image of the first Surface via a first 
reflective imaging optical system G1. Then, light from the 
intermediate image of the first surface formed via the first 
reflective imaging optical system G1 forms an intermediate 
image (a reduced image of the first Surface) on a second 
Surface (image Surface) via a second reflective imaging opti 
cal system G2. 
The first reflective imaging optical system G1 is composed 

of a first reflective mirror M1 for reflecting light from the first 
surface, a second reflective mirror M2 for reflecting the light 
reflected by the first reflective mirror M1, a third reflective 
mirror M3 for reflecting the light reflected by the second 
reflective mirror M2, and a fourth reflective mirror M4 for 
reflecting the light reflected by the third reflective mirror M3. 
Also, the second reflective imaging optical system G2 is 
composed of a fifth reflective mirror M5 for reflecting light 
from the intermediate image, a sixth reflective mirror M6 for 
reflecting the light reflected by the fifth reflective mirror M5, 
a seventh reflective mirror M7 for reflecting the light reflected 
by the sixth reflective mirror M6, and an eighth reflective 
mirror M8 for reflecting the light reflected by the seventh 
reflective mirror M7. 

In particular, it is preferable that the reflective surface of the 
fourth reflective mirror M4 or the fifth reflective mirror M5 be 
spherical. The reason is that the fourth reflective mirror M4 or 
the fifth reflective mirror M5 are the mirrors farthest sepa 
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rated from the optical axis, and when their form was like apart 
of a bracelet, the processes of polishing, inspection, reflective 
film coating and assembly were quite difficult. If this reflec 
tive Surface can be formed as a spherical Surface, the steps of 
polishing, inspection, assembly, etc. become much easier, 
resulting in a large cost reduction. 

In addition, it is preferable that the reflective surface of the 
reflective mirror with the highest requirements for manufac 
turingtolerances from among the 8 reflective mirrors be made 
in a spherical shape. For example, because the manufacturing 
tolerance requirements become severe for reflective mirrors 
where the angle of incidence of light beams incident upon the 
reflective mirror is large and for reflective mirrors where the 
Surface area of the region reflecting light beams that contrib 
ute to imaging (effective region) is Small, it is preferable that 
these kinds of mirrors be composed of a spherical Surface. 
This is because when the shape of the reflective surface of a 
reflective mirror with severe manufacturing tolerance 
requirements deviates even a little from the ideal designed 
shape, a relatively large distortion appears, ultimately dete 
riorating the imaging performance. The processing of a 
spherical Surface can be done comparatively more precisely 
than the processing of an aspheric Surface, therefore a precise 
projection optical system can be more easily manufactured. 
Accordingly, it is possible to manufacture a more precise 
projection optical system at low cost. 

In the present invention, it is desirable that the distance d1 
between the first surface and the first reflective mirror M1 
satisfy the following conditional expression (1). 

700 mmsd1 (1) 

If d1 falls below the lower limit value of conditional 
expression (1), the angle of incidence of the rays onto the 
reflective surface grows too large, and it becomes difficult to 
correct the distortion that occurs. 

In addition, in the present invention, if the distance 
between the first reflective mirror M1 and the second reflec 
tive mirror M2 is identified as d2, then it is desirable that the 
following conditional expression (2) be satisfied. 

450 mmsd2 (2) 

If d2 falls below the lower limit value of conditional 
expression (2), the angle of incidence of the rays onto the 
reflective surface grows too large, and it becomes difficult to 
correct the distortion that occurs. 

In addition, in the present invention, if the distance 
between the second reflective mirror M2 and the third reflec 
tive mirror M3 is identified as d3, then it is desirable that the 
following conditional expression (3) be satisfied. 

570 mmsd3 (3) 

If d3 falls below the lower limit value of conditional 
expression (3), the angle of incidence of the rays onto the 
reflective surface grows too large and it becomes difficult to 
correct the distortion that occurs. 
By using the above configuration, even composing of a 

spherical surface any arbitrary surface of a reflective mirror 
from among the first reflective mirror M1 through eighth 
reflective mirror M8, it is possible to maintain adequate opti 
cal performance. 

If an aperture stop AS is disposed on the second reflective 
mirror M2, it is possible to adequately avoid light beam 
interference, thus it is preferable due to being able to make 
smaller the effective diameter of the reflective mirrors of the 
first imaging optical system. In this case, the position where 
the aperture stop is disposed is limited to immediately in front 
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6 
of the reflective mirror, thus it becomes difficult to balance 
upper coma aberration and lower coma aberration. 

In this type of case, by making Sufficiently long the dis 
tance d1 between the first surface and the first reflective 
mirror M1, the distance d2 between the first reflective mirror 
and the second reflective mirror M2, and the distance d3 
between the second reflective mirror and the third reflective 
mirror M3, it is possible to reduce the light ray angle of 
incidence onto each reflective mirror, thus occurrence of dis 
tortion can be reduced and distortion can be satisfactorily 
corrected. 

In addition, in the present invention, it is preferable that the 
ratio of d1 to d2, d1/d2, satisfy the following conditional 
expression (4). 

1<d1/a2<1.9 (4) 

If it falls outside of conditional expression (4), the balance of 
the upper and lower frames deteriorates and is difficult to 
correct. In addition, in the present invention, it is preferable 
that the ratio of d3 to d2, d3/d2, satisfy the following condi 
tional expression (5). 

If it falls outside of conditional expression (5), the balance 
of the upper and lower coma aberration deteriorates and is 
difficult to correct. 

By means of the above configuration, even if the sixth 
mirror M6 is composed of a spherical surface, it becomes 
possible to adequately maintain optical performance. 

In addition, in the present invention, by using a configura 
tion wherein the reduced image of the first surface is formed 
by double imaging onto the second Surface, it is possible to 
satisfactorily correct distortion (distortion). 
The reflection angle of the light rays from both the first 

reflective mirror and the second reflective mirror as well as 
the reflection angle of the light rays from mirrors other of 
these, for example the third reflective mirror, can be kept 
Small. 
By using the above disposition, it is possible to Suppress the 

maximum diameter of the reflective mirrors as well as appro 
priately place the disposition of each reflective mirror and 
aperture stop without blockage of the light beams. 

In addition, by holding down the angle of incidence of light 
rays onto the third reflective mirror M3, it is possible to 
suppress the effective diameter of the fourth reflective mirror 
M4, which tends to have a large effective diameter. 
As per the above, with the present invention it is possible to 

realize a reflective-type projection optical system that has 
good reflective characteristics even with X-rays, and that can 
perform satisfactory corrections while Suppressing enlarge 
ment of the reflective mirrors. 

In addition, with the present invention, it is preferable that 
the effective diameter Mcp of reflective mirrors M1 through 
M8 satisfy the following conditional expression (6) for each 
reflective mirror. 

400 mms Mcps 600 mm (6) 

When the upper limit value of conditional expression (6) is 
exceeded, the effective diameter of the affected reflective 
mirror grows too large and the optical system expands, so it is 
not desirable. When it falls short of the lower limit value, the 
system becomes too small and threatens deterioration of 
optical performance, and thus is undesirable. 

Also, when the maximum effective diameter of the reflec 
tive mirror is Mcp and the maximum object height on the 
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object surface is H0, it is preferable that the following condi 
tional expression (7) be satisfied. 

When the upper limit value of conditional expression (7) is 
exceeded, the effective diameter of the affected reflective 
mirror grows too large and the optical system expands, so it is 
not desirable. When it falls short of the lower limit value, the 
system becomes too small and threatens deterioration of 
optical performance, and thus is undesirable. 

In the present invention, when the axial interval (distance 
between object and image) from the physical object (reticle) 
to the image (wafer) is identified as TT, it is preferable that the 
following conditional expression (8) be satisfied. 

1350 mm&TT1800 mm (8) 

In the case that ITT is smaller than the lower limit of 
conditional expression (8), mechanical interference between 
the reticle or wafer and the reflective mirrors develops easily, 
which worsens optical performance and thus is undesirable. 
Then, when the upper limit is exceeded the optical system 
grows large, which is also undesirable. Having a certain 
amount of length, a length that can maintain good optical 
performance and reduce the light ray angle of incidence onto 
the reflective mirrors, is preferable. In particular it is neces 
sary to make the distance from the reticle to the reflective 
mirror closest to the reticle and the distance from the wafer to 
the reflective mirror closest to the wafer sufficiently large, 
because of the thickness of the cooling apparatus that must be 
set on the back surface of each reflective mirror. For this 
reason, it is necessary that the distance TT between object and 
image have a certain amount of length and thus it is preferable 
that the conditional expression (8) be satisfied. 

In the present invention, when the axial interval (distance 
between object and image) from the physical object (reticle) 
to the image (wafer) is identified as TT, it is preferable that the 
following conditional expression (9) be satisfied. 

8&TT/HO15 (9). 

In the case that ITT is smaller than the lower limit of 
conditional expression (9), mechanical interference between 
the reticle or wafer and the reflective mirrors develops easily, 
which worsens optical performance and thus is undesirable. 
Then, when the upper limit is exceeded the optical system 
grows large, which is also undesirable. Having a certain 
amount of length, a length that can maintain good optical 
performance and reduce the light ray angle of incidence to the 
reflective mirrors, is preferable. In particular it is necessary to 
make the distance from the reticle to the reflective mirror 
closest to the reticle and the distance from the wafer to the 
reflective mirror closest to the wafer sufficiently large, 
because of the thickness of the cooling apparatus that must be 
set on the back surface of each reflective mirror. For this 
reason, it is necessary that the distance TT between object and 
image have a certain amount of length and thus it is preferable 
that the conditional expression (9) be satisfied. 

In the present invention, it is preferable to form the reflec 
tive surface of each reflective mirror in an aspheric shape with 
rotational symmetry relative to the optical axis and to make 
the maximum order of the aspheric Surface defining each 
reflective surface greater than 10" order, in order to 
adequately correct distortion and improve optical perfor 
mance. Also in the present invention, it is desirable that it be 
an optical system nearly telecentric on the second Surface 
side. By means of this configuration, in the case of application 
in an exposure apparatus for example, it is possible to have 
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8 
satisfactory imaging even if there is roughness on the wafer 
within the focal depth of the projection optical system. 

Also, by applying the project optics system of the present 
invention to an exposure apparatus, it is possible to use X-rays 
as the exposure light. In this case, the mask pattern is projec 
tion exposed onto the photosensitive Substrate by moving the 
mask and the photosensitive Substrate relative to the projec 
tion optical system. As a result, it is possible to manufacture 
a highly precise microdevice under favorable exposure con 
ditions using a scanning-type exposure apparatus having a 
large resolution power. 

Moreover, in the present invention, with respect to a reflec 
tive-type projection optical system that has at least 8 reflective 
mirrors and that forms a reduced image of the first Surface on 
the second surface, it is desirable that the reflective surface of 
that reflective mirror having a relatively high requirement for 
manufacturing tolerance be composed of a spherical Surface. 
It is desirable, for example, that reflective mirrors where the 
angle of incidence of light beams incident upon the reflective 
mirror is large and for reflective mirrors where the surface 
area of the region reflecting light beams that contribute to 
imaging (effective region) is relatively small be composed of 
a spherical surface. This is because when the shape of the 
reflective surface of a reflective mirror with severe manufac 
turing tolerance requirements deviates even a little from the 
ideal designed shape, a relatively large distortion appears, 
ultimately deteriorating the imaging performance. The pro 
cessing of a spherical Surface can be done comparatively 
more precisely than the processing of an aspheric Surface, 
therefore a precise projection optical system can be more 
easily manufactured. Accordingly, it is possible to manufac 
ture a more precise projection optical system at low cost. 
We will further explain embodiments of the present inven 

tion based on the attached drawings. 
FIG. 1 is a drawing showing an outline of the configuration 

of the exposure apparatus of an embodiment of the present 
invention. 

In addition, FIG. 2 is a drawing showing the positional 
relationship between the arc-shaped exposure region formed 
on the wafer (that is to say, the effective exposure region) and 
the optical axis. In FIG. 1, a Z-axis is set along the optical axis 
direction of the projection optical system, that is to say along 
the normal direction of the wafer that is a photosensitive 
substrate. AY-axis is set in the wafer surface in the direction 
parallel to the paper surface of FIG. 1, and an X-axis is set in 
the wafer surface in the direction vertical to the paper surface 
of FIG. 1. 
The exposure apparatus of FIG. 1 is equipped with a laser 

plasma X-ray source 1, for example, as a light Source for 
Supplying exposure light. The light emitting from the X-ray 
Source 1 is incident upon illumination optical system 3 via 
wavelength selection filter 2. Wavelength selection filter 2 has 
the characteristic of passing only a specified wavelength 
(13.5 nm) of X-rays from the light supplied from X-ray 
Source 1 and intercepting the passage of light of other wave 
lengths. 
The X-rays passing through wavelength selection filter 2 

illuminate a reflective-type mask 4 that forms the pattern to be 
transferred, via the illumination optical system3 composed of 
multiple reflective mirrors. 
Mask 4, is retained by a mask stage 5 that is movable along 

the Y-direction so as to extend that pattern Surface along the 
XY plane. Then, the movement of mask stage 5 is measured 
by a laser interferometer omitted from the drawing. In this 
way, an arc-shaped illumination region that is symmetrical 
with respect to the Y-axis is formed on mask 4. 



US 7,436,589 B2 

The light from the illuminated mask 4 forms an image of 
the mask pattern on wafer 7, which is a photosensitive sub 
strate, via a reflective-type projection optical system 6. That is 
to say, as shown in FIG. 2, an arc-shaped illumination region 
that is symmetrical with respect to the Y-axis is formed on 
wafer 7. Referring to FIG. 2, within a circular region IF 
(image circle) having a radius (p centered on optical axis AX. 
a circular effective exposure region (effective imaging 
region) ERhaving length LX in the X-direction and length LY 
in the Y-direction is set so as to touch image circle IF. 

Wafer 7 is retained by a wafer stage 8that is movable in two 
dimensions along the X- and Y-directions for the exposure 
surface to extend along with XY plane. Note that the move 
ment of wafer stage 8, similar to wafer stage 5, is measured by 
a laser interferometer omitted from the drawing. In this way, 
by performing scanning exposure (Scanning exposure) while 
mask stage 5 and wafer stage 8 are moved along the Y-direc 
tion, that is to say while mask 4 and wafer 7 are moved in the 
Y-direction relative to projection optical system 6, the pattern 
of mask 4 is transferred to one exposure region of wafer 7. 

At this time, in the case that the projection magnification 
(transfer magnification) of projection optical system 6 is 4, 
the movement speed of mask stage 5 is set to 4 of the 
movement speed of wafer stage 8 and synchronous scanning 
is performed. Also, by repeating scanning exposure while 
moving wafer stage 8 two-dimensionally in the X-direction 
and the Y-direction, the pattern of mask 4 is successively 
transferred to each exposure region of wafer 7. Below we will 
explain the concrete configuration of projection optical sys 
tem 6, referring to embodiment examples 1 through 9. 

In each embodiment, projection optical system 6 consists 
of a first reflective imaging optical system G1 for forming an 
intermediate image of the pattern of mask 4 and a second 
reflective imaging optical system G2 for forming an interme 
diate image of the mask pattern (a secondary image of the 
pattern of mask 4) on wafer 7. Here, the first reflective imag 
ing optical system G1 is composed of 4 reflective mirrors M1 
through M4, and the second reflective imaging optical system 
G2 is composed of 4 reflective mirrors M5 through M8. 

Note that in each embodiment example, at least one reflec 
tive surface from among the 8 reflective mirrors is formed in 
a spherical shape. Also, in each embodiment example, imme 
diately in front of the second reflective mirror M2, an aperture 
stop AS is disposed. It is okay for aperture stop AS to touch 
reflective mirror M2, and it is also okay to dispose it adjacent 
thereto. Moreover, in each embodiment example, projection 
optical system 6 is a telecentric optical system on the wafer 
side (image side). 

Also, in each embodiment example, the third reflective 
mirror M3 is disposed in the space on the image Surface side 
facing the first reflective mirror M1, but it is possible to obtain 
a similar operation without being limited to this, by disposing 
the third reflective mirror M3 in the space on the object side 
facing the first reflective mirror M1. 

In each embodiment example, when the height of the 
aspheric Surface in the direction perpendicular to the optical 
axis isy, the distance (Sagamount) along the optical axis from 
a plane tangent to the vertex of the aspheric Surface to the 
position on the aspheric Surface at heighty is Z, the curvature 
radius is r, the constant of the cone is K, and the 4" order, 6" 
order, 8" order and 10" order aspheric surface coefficients are 
A, B, C, and D respectively, the aspheric Surface is expressed 
by the following formula (b). 
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(b) (Formula 1) 

A y + B. y + C. y + Dy'+... 

Embodiment 1 

FIG. 3 is a drawing showing the configuration of the pro 
jection optical system of a first embodiment of the present 
invention. 

Referring to FIG. 3, in the projection optical system of the 
first embodiment, after the light from mask 4 is reflected 
sequentially by the convex reflective surface of the first reflec 
tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 
image) is formed on wafer 7. 
The concave surface of the eighth reflective mirror M8 of 

the projection optical system of this first embodiment is com 
posed of a spherical Surface. 

In the next Chart (1), the values of various factors of the 
projection optical system involved in the first embodiment are 
shown. In Chart (1), w expresses the wavelength of the expo 
Sure light, B expresses the projection magnification ratio, NA 
expresses the numerical aperture on the image side (wafer 
side), H0 expresses the maximum object height on mask 4, (p 
expresses the radius of image circle IF on wafer 7 (maximum 
image height), LX expresses the dimension along the X-di 
rection of the effective exposure region ER, and LY expresses 
the dimension along the Y-direction of the effective exposure 
region ER. Also, Mp expresses the effective diameter of the 
largest reflective mirror and TT expresses the axial interval 
between mask 4 and wafer 7. 

Also, for the surface numbers, in the sequence of reflective 
surfaces from the mask side along the direction traveled by 
the light rays from the mask surface that is the object surface 
to the wafer surface that is the image surface, r is the vertex 
curvature radius (mm) of each reflective surface and d is the 
axial interval, that is to say the Surface interval (mm) of each 
reflective surface. Note that for surface intervald, the sign 
changes for each reflection. Also, the distance from the mask 
surface to the first reflective mirror M1 is d1, the distance 
from the first reflective mirror to the second reflective mirror 
is d2, and the distance from the second reflective mirror to the 
third reflective mirroris d3. Then, the convex curvature radius 
facing the mask side, regardless on the direction of incidence 
of the light rays, is positive and the concave curvature radius 
is negative. The above notation is the same for the following 
Chart (2) through Chart (9). 
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CHART 1-continued 

d3 = 77.4.34 mm 
d1 d2 = 1.27 
d3f d2 = 1.15 

FIG. 4 is a drawing showing coma aberration in the pro 
jection optical system of the first embodiment. In FIG.4, the 
meridional coma aberration and Sagittal coma aberration at 
image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
first embodiment, in the region corresponding to the effective 
imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 2 

FIG. 5 is a drawing showing the configuration of the pro 
jection optical system of a second embodiment of the present 
invention. 

Referring to FIG. 5, in the projection optical system of the 
second embodiment, after the light from mask 4 is reflected 
sequentially by the concave reflective surface of the first 

Surface 
Number 

SO 

k = 0.00 
A = 4.12O13E-10 
E = -5.08210E-29 

k = 0.00 
A = -7.17094E-11 
E = -5.8O866E-27 
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reflective mirror M1, the concave reflective surface of the 
second reflective mirror M2, the convex reflective surface of 
the third reflective mirror M3, and the concave reflective 
surface of the fourth reflective mirror M4; an intermediate 
image of the mask patternis formed. Then, after the light from 
the intermediate image of the mask pattern formed via the first 
reflective imaging optical system G1 is reflected sequentially 
by the concave reflective surface of the fifth reflective mirror 
M5, the convex reflective surface of the sixth reflective mirror 
M6, the convex reflective surface of the seventh reflective 
mirror M7, and the concave reflective surface of the eighth 
reflective mirror M8, a reduced image of the mask pattern 
(secondary image) is formed on wafer 7. In the projection 
optical system of the first embodiment, the eighth reflective 
mirror is composed of a spherical Surface, but in the present 
embodiment the convex seventh reflective mirror is com 
posed of a spherical Surface. 

In the next Chart (2), the values of various factors of the 
projection optical system involved in the second embodiment 
are shown. 

CHART 2 

(Major Factors) 

= 13.5 nm 
B = A 
NA= 0.25 
HO = 156 mm 

(p = 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

r d Optical Member 

(mask 853.38 
Surface) 
-4OOO.53 -482.41 (first reflective mirror M1) 
2026.25 582.41 (second reflective mirror M2) 
6778.35 -542.84 (third reflective mirror M3) 
1879.97 938.17 (fourth reflective mirror M4) 
-549.39 -100.00 (fifth reflective mirror M5) 
-900.99 200.00 (sixth reflective mirror M6) 
245.23 -345.33 (seventh reflective mirror M7) spherical surface 
438.06 427.54 (eighth reflective mirror M8) 

(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

B = 6.16521E-16 
F = 1.9582OE-33 

C = -2.33472E-2O 
G = -3.29132E-38 

S2 Surface 

D = 7.81561E-2S 
H = OOOOOOE--OO 

B = -237267E-15 
F = 6.58718E-31 

D = 2.71631E-23 
H = OOOOOOE--OO 
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CHART 2-continued 

S3 Surface 

k = O.OO 
A = -9.08546E-10 
E = 7.253SOE-29 

B = 1.93599E-15 C = 1.54171E-21 
F = -2.27698E-33 G = 2.87734E-38 

S4 Surface 

k = O.OO 

A = -3.263.33E-10 
E = 1.204O1E-29 

B = -1.31852E-15 C = 2.17785E-2O 
= -1.15499E-34 G = 4.7.0578E-40 

SS Surface 

k = O.OO 
A = -4.06O78E-10 

E = 3.1972OE-27 

B = -2.02518E-14 C = 2.35353E-18 

F = -4.55065E-32 G = 2.69146E-37 
S6 Surface 

k = O.OO 

A = -2.15942E-09 B = 1.02618E-13 C = -7.03971E-18 
E = 1.0536SE-27 F = -3.98918E-31 G = 9.07261E-36 

S7 Surface 

Spherical Surface 
S8 Surface 

k = O.OO 

A = 4.10687E-11 
E = -1.67OO1E-31 

B = 4.53532E-16 
F = -1.19286E-35 

C = 2.4104OE-21 
G = 3.37603E-40 

(Values Corresponding to Conditional Expression) 

Mcp = 404.78 (maximum at fourth reflective mirror M4) 
TT = 1530.9 

Mcp/HO = 2.59 
TTHO = 9.81 
d1 = 853.38 mm 
d2 = 482.41 mm 
d3 = 582.41 mm 
d1 d2 = 1.77 

FIG. 6 is a drawing showing coma aberration in the pro 
jection optical system of the second embodiment. In FIG. 6, 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
second embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 3 

FIG. 7 is a drawing showing the configuration of the pro 
jection optical system of a third embodiment of the present 
invention. 

Referring to FIG. 7, in the projection optical system of the 
third embodiment, after the light from mask 4 is reflected 
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D = -1.14433E-24 
H = OOOOOOE-00 

D = -6.99551E-25 
H = OOOOOOE-00 

D = -1.1831OE-22 

H = OOOOOOE-00 

D = 2.64439E-22 
H = OOOOOOE-00 

D = 3.89228E-26 
H = OOOOOOE-00 

sequentially by the convex reflective surface of the first reflec 
tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 
image) is formed on wafer 7. In the projection optical system 
of the first embodiment the eighth reflective mirror is com 
posed of a spherical Surface, but in the present embodiment 
the convex sixth reflective mirror is composed of a spherical 
Surface. 

In the next Chart (3), the values of various factors of the 
projection optical system involved in the third embodiment 
are shown. 
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CHART 3-continued 

d2 = 695.19 mm 
d3 = 795.19 mm 
d1 d2 = 1.20 
d3f d2 = 1.14 

FIG. 8 is a drawing showing coma aberration in the pro 
jection optical system of the third embodiment. In FIG. 8, the 
meridional coma aberration and Sagittal coma aberration at 
image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
third embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 4 

FIG. 9 is a drawing showing the configuration of the pro 
jection optical system of a fourth embodiment of the present 
invention. 

Referring to FIG.9, in the projection optical system of the 
fourth embodiment, after the light from mask 4 is reflected 
sequentially by the concave reflective surface of the first 

Surface 
Number 

SO 

k = 0.00 
A = -1.01OO7E-10 
E = -4.75389E-29 

k = 0.00 
A = -5.33OO7E-11 
E = 1.09544E-28 
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reflective mirror M1, the concave reflective surface of the 
second reflective mirror M2, the convex reflective surface of 
the third reflective mirror M3, and the concave reflective 
surface of the fourth reflective mirror M4; an intermediate 
image of the mask pattern is formed. 

Then, after the light from the intermediate image of the 
mask pattern formed via the first reflective imaging optical 
system G1 is reflected sequentially by the concave reflective 
surface of the fifth reflective mirror M5, the convex reflective 
surface of the sixth reflective mirror M6, the convex reflective 
surface of the seventh reflective mirror M7, and the concave 
reflective surface of the eighth reflective mirror M8, a reduced 
image of the mask pattern (secondary image) is formed on 
wafer 7. In the projection optical system of the first embodi 
ment the eighth reflective mirror is composed of a spherical 
surface, but in the present embodiment the concave fifth 
reflective mirror is composed of a spherical Surface. 

In the next Chart (4), the values of various factors of the 
projection optical system involved in the fourth embodiment 
are shown. 

CHART 4 

(Major Factors) 

= 13.5 nm 
B = 1/4 
NA= 0.25 
HO = 156 mm 

(p = 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

r d Optical Member 

(mask 781.95 
Surface) 

-28805.85 –661.95 (first reflective mirror M1) 
1743.86 761.95 (second reflective mirror M2) 
3637.96 –631.50 (third reflective mirror M3) 
2OOOOO 1158.09 (fourth reflective mirror M4) 
-S15.87 -100.00 (fifth reflective mirror M5) spherical surface 
-647.38 203.27 (sixth reflective mirror M6) 
287.98 -350.33 (seventh reflective mirror M7) 
440.27 414.51 (eighth reflective mirror M8) 

(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

B = 3.95362E-15 C = -7.20224E-2O 
F = 7.322OSE-34 G = 2.71 OS 7E-39 

S2 Surface 

D = 1.6O201E-24 
H = OOOOOOE--OO 

B = 3.44289E-16 
F = -7.9774OE-33 

C = 7.6585OE-21 
G = 2.37891E-37 

D = -7524-11E-25 
H = OOOOOOE--OO 
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CHART 4-continued 

S3 Surface 

k = O.OO 
A = -7.60928E-10 
E = -1.441OOE-29 

B = 4.9S409E-16 C = -3.84238E-21 
F = 2.13256E-34 G = -9.OOS28E-40 

S4 Surface 

k = O.OO 
A = -2.06765E-10 
E = 6.77042E-30 

B = -8.8O3O8E-16 C = 1.56O45E-2O 
F = -5.78228E-35 G = 211007E-40 

SS Surface 

Spherical Surface 
S6 Surface 

k = O.OO 
A = -7.19381E-10 
E = 182185E-26 

B = -1.88.098E-14 C = 3.70991E-18 
F = -5.71942E-31 G = 7.7SOOSE-36 

S7 Surface 

k = O.OO 
A = 1.06857E-08 
E = 1.73807E-24 

B = 1.17184E-13 C = 3.483.24E-17 
F = -2.77947E-28 G = 1.07444E-32 

S8 Surface 

B = 2.43983E-16 
F = 1.27492E-3S 

C = 8.33827E-22 
G = -1.18273E-40 

(Values Corresponding to Conditional Expression) 

Mcp = 448.34 (maximum at the fourth reflective mirror M4) 
TT = 1576.0 
Mcp/HO = 2.87 
TTHO = 10.10 
d1 = 781.95 mm 
d2 = 661.95 mm 
d3 = 761.95 mm 
d1 d2 = 1.18 
d3f d2 = 1.15 

FIG. 10 is a drawing showing coma aberration in the pro 
jection optical system of the fourth embodiment. In FIG. 10, 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
fourth embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 5 

FIG. 11 is a drawing showing the configuration of the 
projection optical system of a fifth embodiment of the present 
invention. 

Referring to FIG. 11, in the projection optical system of the 
fifth embodiment, after the light from mask 4 is reflected 
sequentially by the convex reflective surface of the first reflec 
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D = 4.64869E-25 
H = OOOOOOE-00 

D = -441065E-25 
H = OOOOOOE-00 

D = -3.29939E-22 
H = OOOOOOE-00 

D = -4.32361E-21 
H = OOOOOOE-00 

D = 1.62044E-26 
H = OOOOOOE-00 

tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 
image) is formed on wafer 7. In the projection optical system 
of the first embodiment the eighth reflective mirror is com 
posed of a spherical Surface, but in the present embodiment 
the concave fourth reflective mirror is composed of a spheri 
cal Surface. 

In the next Chart (5), the values of various factors of the 
projection optical system involved in the fifth embodiment 
are shown. 

CHART 5 

(Major Factors) 

= 13.5 nm 

B = A 
NA= 0.25 
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FIG. 12 is a drawing showing coma aberration in the pro 
jection optical system of the fifth embodiment. In FIG. 12, the 
meridional coma aberration and Sagittal coma aberration at 
image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
fifth embodiment, in the region corresponding to the effective 
imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 6 

FIG. 13 is a drawing showing the configuration of the 
projection optical system of a sixth embodiment of the 
present invention. 

Referring to FIG. 13, in the projection optical system of the 
sixth embodiment, after the light from mask 4 is reflected 
sequentially by the convex reflective surface of the first reflec 

Surface 
Number 

SO 

k = 0.00 
A = 5.52614E-11 
E = -6.53118E-28 

k = 0.00 
A = -130598E-10 
E = -1.09.433E-28 

k = 0.00 
A = -1.O1599E-10 
E = -8.31396E-30 

k = 0.00 
A = 6.90424E-10 
E = 2.96968E-27 

10 

15 

26 
tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 
image) is formed on wafer 7. In the projection optical system 
of the first embodiment the eighth reflective mirror is com 
posed of a spherical Surface, but in the present embodiment 
the convex third reflective mirror is composed of a spherical 
Surface. 

In the next Chart (6), the values of various factors of the 
projection optical system involved in the sixth embodiment 
are shown. 

CHART 6 

(Major Factors) 

= 13.5 nm 
B = A 
NA= 0.25 
HO = 156 mm 
(p = 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

r D Optical Member 

(mask 841.07 
Surface) 
11039.33 –721.07 (first reflective mirror M1) 
1617.82 821.07 (second reflective mirror M2) 
2446.35 -681.65 (third reflective mirror M3) spherical surface 
2OOOOO 1187.31 (fourth reflective mirror M4) 
-482.49 -100.00 (fifth reflective mirror M5) 
-501.73 200.00 (sixth reflective mirror M6) 
340.68 -254.38 (seventh reflective mirror M7) 
443.92 407.65 (eighth reflective mirror M8) 

(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

B = 1.3837OE-15 C = -3.84269E-2O 
F = 216069E-32 G = -3.23974E-37 

S2 Surface 

D = 1.06804E-23 
H = OOOOOOE--OO 

B = -8.72576E-16 
F = 6.36889E-33 

C = -9.80597E-21 
G = -151086E-37 

S3 Surface 

D = 9.76277E-2S 
H = OOOOOOE--OO 

Spherical Surface 
S4 Surface 

B = 6.1947OE-16 
F = 6.43O13E-35 

C = -2.65958E-2O 
G = -2.13455E-40 

SS Surface 

D = 6.O1905E-25 
H = OOOOOOE--OO 

B = -7.80937E-15 
F = -4.05905E-32 

C = 2.02344E-18 
G = 2.257SSE-37 

D = -1.10078E-22 
H = OOOOOOE--OO 
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CHART 6-continued 

S6 Surface 

k = O.OO 
A = 4.38239E-09 
E = -5.33138E-26 

B = 2.61724E-13 
F = 2.86O23E-31 

C = -3.24417E-17 
G = 1.03596E-3S 

S7 Surface 

k = O.OO 
A = 1.2147OE-08 
E = 1.93974E-23 

B = -8.57463E-14 C = 2.81447E-17 
F = -4.27193E-27 G = 3.973.24E-31 

S8 Surface 

k = O.OO 
A = 2.47598E-10 
E = 1.74797E-29 

B = 195136E-15 
F = -6.31416E-34 

C = 1.44504E-2O 
G = 9.33844E-39 

(Values Corresponding to Conditional Expression) 

Mcp = 474.75 (maximum at the fourth reflective mirror M4) 
TT = 1600.0 
Mcp/HO = 3.04 
TTHO = 10.26 
d1 = 841.07mm 
d2 = 721.07mm 
d3 = 821.07mm 
d1 d2 = 1.17 
d3f d2 = 1.14 

FIG. 14 is a drawing showing coma aberration in the pro 
jection optical system of the sixth embodiment. In FIG. 14, 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
sixth embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 7 

FIG. 15 is a drawing showing the configuration of the 
projection optical system of a seventh embodiment of the 
present invention. 

Referring to FIG. 15, in the projection optical system of the 
seventh embodiment, after the light from mask 4 is reflected 
sequentially by the convex reflective surface of the first reflec 

Surface 
Number 

SO 

S1 

30 

35 

40 

45 
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D = 1.92286E-21 
H = OOOOOOE-00 

D = -5.11735E-2O 
H = OOOOOOE-00 

D = -120985E-25 
H = OOOOOOE-00 

tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 
image) is formed on wafer 7. In the projection optical system 
of the first embodiment the eighth reflective mirror is com 
posed of a spherical Surface, but in the present embodiment 
the concave second reflective mirror is composed of a spheri 
cal Surface. 

In the next Chart (7), the values of various factors of the 
projection optical system involved in the seventh embodi 
ment are shown. 

CHART 7 

(Major Factors) 

= 13.5 nm 
B = 1/4 
NA= 0.25 
HO = 156 mm 

(p = 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

r d Optical Member 

(mask 849.69 
Surface) 
233.09.04 –666.38 (first reflective mirror M1) 
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CHART 7-continued 

30 

S2 1631.89 766.38 (second reflective mirror M2) spherical surface 
S3 2687.92 –635.38 (third reflective mirror M3) 
S4 2OOO.OO 1127.98 (fourth reflective mirror M4) 
S5 -489.20 -100.00 (fifth reflective mirror M5) 
S6 -554.19 200.91 (sixth reflective mirror M6) 
S7 313.83 -351.61 (seventh reflective mirror M7) 
S8 438.63 408.42 (eighth reflective mirror M8) 

(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

k = O.OO 
A = 1.50513E-10 
E = 4.64O62E-29 

B = 3.02.143-15 C = -84.8835E-2O 
F = -2.41448E-33 G = 4.01984E-38 

S2 Surface 

Spherical Surface 
S3 Surface 

B = 2.06SO7E-15 C = -1.85462E-21 
= -1.70964E-35 G = -1.08.125E-39 

S4 Surface 

k = O.OO 
A = -2.18287E-10 
E = -9.81542E-31 

D = 9.9747OE-2S 
H = OOOOOOE-00 

D = -1.38609E-25 
H = OOOOOOE-00 

D = 4.25OO4E-26 
H = OOOOOOE-00 

SS Surface 

k = O.OO 
A = 3.5716OE-10 B = -2.19811E-14 C = 2.36995E-18 D = -1.18488E-22 
E = 3.30479E-27 F = -4.9317OE-32 G = 3.078.79E-37 H = OOOOOOE-00 

S6 Surface 

k = O.OO 
A = 1.3397OE-09 B = 6.28995E-14 C = -8.1.2425E-18 D = 6.77538E-22 
E=-3.39767E-26 F = 8.85578E-31 G = -84371OE-36 H = OOOOOOE-00 

S7 Surface 

k = O.OO 
A = 9.124O2E-09 B = -391177E-14 C = 3.5944OE-17 D = 160493E-21 
E = -1.40212E-24 F = 2.2667OE-28 G = -1.47719E-32 H = OOOOOOE-00 

S8 Surface 

k = O.OO 
A = 1.33O4(OE-11 B = 2.74191E-16 C = 169281E-21 D = 2.77234E-26 
E = -9.88835E-31 F = 3.54O6SE-3S G = -4.92892E-40 H = OOOOOOE-00 

(Values Corresponding to Conditional Expression) 

Mcp = 436.43 (maximum at the fourth reflective mirror M4) 
TT = 1600.0 
Mcp/HO = 3.04 
TTHO = 10.26 
d1 = 849.69 mm 
d2 = 666.38 mm 
d3 = 766.38 mm 
d1 d2 = 1.28 
d3f d2 = 1.15 

FIG. 16 is a drawing showing coma aberration in the pro- 55 Embodiment 8 
jection optical system of the seventh embodiment. In FIG. 16, 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
seventh embodiment, in the region corresponding to the 
effective imaging region ER, it can be seen that coma aber 
ration is adequately corrected. Also, although omitted from 
the drawing, in the region corresponding to the effective 
imaging region ER, the fact that aberration other than coma 
aberration, for example spherical aberration and distortion 
and the like are adequately corrected is confirmed. 

60 

65 

FIG. 17 is a drawing showing the configuration of the 
projection optical system of an eighth embodiment of the 
present invention. 

Referring to FIG. 17, in the projection optical system of the 
eighth embodiment, after the light from mask 4 is reflected 
sequentially by the convex reflective surface of the first reflec 
tive mirror M1, the concave reflective surface of the second 
reflective mirror M2, the convex reflective surface of the third 
reflective mirror M3, and the concave reflective surface of the 
fourth reflective mirror M4; an intermediate image of the 
mask pattern is formed. Then, after the light from the inter 
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mediate image of the mask pattern formed via the first reflec 
tive imaging optical system G1 is reflected sequentially by the 
concave reflective surface of the fifth reflective mirror M5, the 
convex reflective surface of the sixth reflective mirror M6, the 
convex reflective surface of the seventh reflective mirror M7, 
and the concave reflective surface of the eighth reflective 
mirror M8, a reduced image of the mask pattern (secondary 

image) is formed on wafer 7. In the projection optical system 
of the first embodiment, the eighth reflective mirror is com 
posed of a spherical Surface, but in the present embodiment 
the first reflective mirror is composed of a spherical surface. 

In the next Chart (8), the values of various factors of the 
projection optical system involved in the eighth embodiment 
are shown. 

32 

CHART 8 

(Major Factors) 

= 13.5 nm 

B = A 
NA= 0.25 
HO = 156 mm 

(p= 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

Surface 
Number d Optical Member 

SO (mask 849.86 
Surface) 

S1 14647.57 -695.37 (first reflective mirror M1) spherical surface 
S2 1624.30 795.37 (second reflective mirror M2) 
S3 2500.57 –648.57 (third reflective mirror M3) 
S4 1959.70 1137.61 (fourth reflective mirror M4) 
S5 -518.59 -100.36 (fifth reflective mirror M5) 
S6 -652.SS 201.53 (sixth reflective mirror M6) 
S7 305.01 -355.04 (seventh reflective mirror M7) 
S8 443.86 414.98 (eighth reflective mirror M8) 

(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

Spherical Surface 
S2 Surface 

k = 0.00 
A = -6.19961E-11 B = -8.01.064E-17 C = 7.39785E-22 D = -1.63635E-25 
E = 1.61146E-29 F = -7.765SOE-34 G = 141983E-38 H = OOOOOOE-00 

S3 Surface 

k = 0.00 
A = -6.12122E-10 B = -1.16001E-16 C = 8.10748E-21 D = -5.7006SE-2S 
E = 2.95O99E-29 F = -7.54162E-34 G = 7.SS756E-39 H = OOOOOOE-00 

S4 Surface 

k = 0.00 
A = -1.76221E-10 B = -3.50361E-16 C = -1.35172E-21 D = 3.31.221E-26 
E = -8.84773E-31 F = 1.0224OE-35 G = -4.599.15E-41 H = OOOOOOE-00 

SS Surface 

k = 0.00 
A = 2.4596OE-10 B = -2.33O2OE-14 C = 250729E-18 D = -1.266O2E-22 
E = 3.52881E-27 F = -5.2421.9E-32 G = 3.24.672E-37 H = OOOOOOE-00 

S6 Surface 

k = 0.00 
A = 6.483.37E-10 B = 3.87SS3E-14 C = -3.353OSE-18 D = 6.90509E-23 
E = 7.768.79E-27 F = -5.95487E-31 G = 1.27O29E-3S H = OOOOOOE-00 

S7 Surface 

k = 0.00 
A = 1.05474E-08 B = 3.44948E-13 C = 1.44739E-17 D = -3.88657E-21 
E = 2.06264E-24 F = -5.25423E-28 G = 5.653.76E-32 H = OOOOOOE-00 
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CHART 8-continued 

S8 Surface 

k = O.OO 
A = 8.95479E-11 
E = -7.88.338E-32 

C = 2.52317E-21 
G = 1.64811E-40 

(Values Corresponding to Conditional Expression) 

Mcp = 448.25 (maximum at the fourth reflective mirror M4) 
TT = 1600.0 
Mcp/HO = 2.87 
TTHO = 10.26 
d1 = 849.86 mm 
d2 = 695.37 mm 
d3 = 795.37 mm 
d1 d2 = 1.22 
d3f d2 = 1.14 

FIG. 18 is a drawing showing coma aberration in the pro 
jection optical system of the eighth embodiment. In FIG. 18, 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
eighth embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Embodiment 9 

FIG. 19 is a drawing showing the configuration of the 
projection optical system of a ninth embodiment of the 
present invention. 

Referring to FIG. 19, in the projection optical system of the 
ninth embodiment, after the light from mask 4 is reflected 
sequentially by the concave reflective surface of the first 

Surface 
Number 

SO 

25 

30 

35 

34 

D = 2.95882E-26 
H = OOOOOOE-00 

reflective mirror M1, the concave reflective surface of the 
second reflective mirror M2, the convex reflective surface of 
the third reflective mirror M3, and the concave reflective 
surface of the fourth reflective mirror M4; an intermediate 
image of the mask patternis formed. Then, after the light from 
the intermediate image of the mask pattern formed via the first 
reflective imaging optical system G1 is reflected sequentially 
by the concave reflective surface of the fifth reflective mirror 
M5, the concave reflective surface of the sixth reflective mir 
ror M6, the convex reflective surface of the seventh reflective 
mirror M7, and the concave reflective surface of the eighth 
reflective mirror M8, a reduced image of the mask pattern 
(secondary image) is formed on wafer 7. In the projection 
optical system of the first embodiment the eighth reflective 
mirror is composed of a spherical Surface, but in the present 
embodiment the convex sixth reflective mirroris composed of 
a spherical Surface. 

In the next Chart (9), the values of various factors of the 
projection optical system involved in the ninth embodiment 
are shown. 

CHART 9 

(Major Factors) 

= 13.5 nm 

B = A 
NA= 0.35 

HO = 156 mm 

(p = 40 mm 
LX = 26 mm 
LY = 2 mm 

(Optical Member Factors) 

r d Optical Member 

(mask 709.93 
Surface) 
-4433.41 –589.93 (first reflective mirror M1) 
1327.91 689.93 (second reflective mirror M2) 
677.63 -268.10 (third reflective mirror M3) 
891.30 805.69 (fourth reflective mirror M4) 

-978.07 -123.10 (fifth reflective mirror M5) 
24591.30 235.57 (sixth reflective mirror M6) spherical surface 

237.26 –335.57 (seventh reflective mirror M7) 
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CHART 9-continued 

S8 404.70 375.57 (eighth reflective mirror M8) 
(wafer surface) 

(Aspheric Surface Data) 

S1 Surface 

k = O.OO 
A = 1.3723 OE-09 B = -2.34495E-14 C = 3.5454OE-19 
E = 1.12584E-28 F = -3.55914E-33 G = 5.08482E-38 

S2 Surface 

A = -7.38O75E-11 B = -1.87124E-16 C = -5.25573E-2O 
E = -1.03334E-27 F = 5.88491E-32 G = -1.37947E-36 

S3 Surface 

A = -2.65468E-09 B = -2.02936E-15 C = 151722E-19 
E = 3.882O2E-28 F = -9.62486E-33 G = 1.1336E-37 

S4 Surface 

A = -2.71226E-10 B = -3.342O6E-15 C = 8.0392OE-2O 
E = 2.1237OE-29 F = -1.505.33E-34 G = 4.47804E-40 

SS Surface 

A = 3.78564E-10 B = -298.239E-14 C = 3.02836E-19 
E = -9.76811E-28 F = 156167E-32 G = -9.39373E-38 

S6 Surface 

Spherical Surface 
S7 Surface 

k = O.OO 
A = -4.86887E-09 
E = -1.18048E-23 

B = 2.32977E-12 C = -2.42965E-17 
F = 3.22917E-27 G = -3.0349SE-31 

S8 Surface 

k = O.OO 
A = 9.65841E-11 
E = 2.0712OE-30 

B = 7.68361E-16 
F = -7.39442E-3 

C = 3.95891E-21 
G = 9.08142E-40 

(Values Corresponding to Conditional Expression) 

Mcp = 488.42 maximum at the fourth reflective mirror M4) 
TT = 1600.0 
Mcp/HO = 2.87 
TTHO = 10.26 
d1 = 709.93 mm 
d2 = 589.93 mm 
d3 = 689.93 mm 
d1 d2 = 1.20 
d3f d2 = 1.17 

FIG. 20 is a drawing showing coma aberration in the pro 
jection optical system of the ninth embodiment. In FIG. 20. 
the meridional coma aberration and Sagittal coma aberration 
at image height 100%, image height 98%, and image height 
95% are shown. As is clear from the aberration drawing, in the 
ninth embodiment, in the region corresponding to the effec 
tive imaging region ER, it can be seen that coma aberration is 
adequately corrected. Also, although omitted from the draw 
ing, in the region corresponding to the effective imaging 
region ER, the fact that aberration other than coma aberration, 
for example spherical aberration and distortion and the like 
are adequately corrected is confirmed. 

Per the above, in each of the embodiments described 
above, along with maintaining an image-side numerical aper 
ture of 0.25-0.35 for laser plasma X-rays of 13.5 nm wave 
length, an arc-shaped effective exposure region of 26 mmx2 
mm in which aberrations can be adequately corrected can be 
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D = -4.91321E-24 
H = OOOOOOE-00 

D = 9.8OOO6E-24 
H = OOOOOOE-00 

D = -1.06845E-23 
H = OOOOOOE-00 

D = -1.68936E-24 
H = OOOOOOE-00 

D = 2.29877E-23 
H = OOOOOOE-00 

D = 1.7817OE-2O 
H = OOOOOOE-00 

D = 2.59918E-26 
H = OOOOOOE-00 

maintained on wafer 7. Accordingly, on wafer 7, it is possible 
to transfer the pattern of mask 4 at a resolution of 0.1 um or 
less by means of scanning exposure to in each exposure 
region having a size of 26 mmx66 mm for example. 

Also, in each of the above embodiments, the effective 
diameter of the largest reflective mirror M4 is about 400-520 
mm, which is sufficiently Suppressed. In this way, size 
increase of the reflective mirrors can be suppressed, leading to 
miniaturization of the optical system. Also, in the present 
invention, the distance TT from the object (reticle) to the 
image (wafer) (distance between object and image) stays 
within 1350 mm-1800 mm, thus optical properties can be 
adequately maintained while limiting increase in size of the 
optical system. 

In addition, in an exposure apparatus involved in the above 
embodiments, by making the fifth reflective mirror M5 or 
sixth reflective mirror M6, mirrors with relatively small effec 
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tive regions, in a spherical shape, it becomes possible to 
manufacture a highly precise reflective optical system easily. 
Also, in the exposure apparatus involved in the above 
embodiments, by making the sixth reflective mirror M6 or 
seventh reflective mirror M7, mirrors with relatively large 
light beam angles of incidence, in a spherical shape, it 
becomes possible to manufacture a highly precise reflective 
optical system easily. 

In the exposure apparatus involved in the above embodi 
ments, by illuminating the mask by an illumination system 
(illumination process) and exposing a transfer pattern formed 
on the mask onto a photosensitive Substrate using a projection 
optical system (exposure process), it is possible to manufac 
ture a microdevice (semiconductor element, imaging ele 
ment, liquid crystal display element, thin film magnetic head, 
etc.). Below we will explain, with reference to the flowchart 
of FIG. 21, an example of a technique for obtaining a semi 
conductor device as a microdevice by forming a specific 
circuit pattern on a wafer serving as a photosensitive substrate 
using an exposure apparatus of the present embodiment. 

First, in step 301 of FIG. 21, a metallic film is vapor 
deposited onto one lot of wafers. In the next step 302, photo 
resist is coated onto the metallic film on that one lot of wafers. 
After that, in step 303, an image of the pattern on the mask 
(reticle) is exposure transferred in sequence onto each shot 
region of that one lot of wafers using the exposure apparatus 
of the present embodiment via the projection optical system 
thereof. 

After that, in step 304, after the photoresist on the one lot of 
wafers is developed, in step 305 the circuit pattern corre 
sponding to the pattern on the mask is formed on each shot 
region of each wafer by means of etching a resist pattern on 
the one lot of wafers as a mask. Afterward, by forming 
another layer of circuit pattern on top, a device such as a 
semiconductor element is manufactured. By means of the 
above semiconductor device manufacturing method, a semi 
conductor device having an extremely minute circuit pattern 
can be obtained with good throughput. 

Note that in the above present embodiment, a laser plasma 
X-ray Source is used as a light source for Supplying X-rays, 
but it is not limited to this; it is also possible to use synchro 
tron radiation light (SOR) as X-rays, for example. 

Also, in the above present embodiment, the present inven 
tion is applied to an exposure apparatus having a light Source 
for Supplying X-rays, but it is not limited to this; the present 
invention can be applied to an exposure device having a light 
Source that Supplies light of wavelengths other than X-rays. 

Furthermore, in the above present embodiment, the present 
invention is applied to the projection optical system of an 
exposure apparatus, but it is not limited to this; the present 
invention can be applied to other general projection optical 
systems as well. 
The invention claimed is: 
1. A reflective-type projection optical system for forming a 

reduced image of a first Surface on a second Surface, the 
optical system comprising: 

a first reflective imaging optical system for forming an 
intermediate image of the first Surface and a second 
reflective imaging optical system for forming an image 
of the intermediate image on the second Surface; 

the first reflective imaging optical system comprising, from 
the first surface side in order of light beam incidence, a 
first reflective mirror, a second reflective mirror, a third 
reflective mirror, and a fourth reflective mirror; 

the second reflective imaging optical system comprising, 
from the first surface side in order of light beam inci 
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38 
dence, a fifth reflective mirror, a sixth reflective mirror, a 
seventh reflective mirror, and an eighth reflective mirror, 
and 

at least one of the reflective surfaces of the reflective mir 
rors being configured as a spherical Surface, and the 
remaining reflective Surfaces of the mirrors being con 
figured as aspheric Surfaces, 

wherein the following condition is satisfied: 

when the axial interval between the first surface and the 
second Surface is TT and the maximum object height on 
the first surface is H0. 

2. The reflective-type projection optical system described 
in claim 1, wherein, the distance from the first surface to the 
first reflective mirror is less than or equal to 700 mm. 

3. The reflective-type projection optical system described 
in claim 1, wherein, the distance from the first reflective 
mirror to the second reflective mirror is less than or equal to 
450 mm. 

4. The reflective-type projection optical system described 
in claim 1, wherein the distance from the second reflective 
mirror to the third reflective mirror is less than or equal to 570 

. 

5. The reflective-type projection optical system described 
in claim 1, wherein the position of the second reflective mirror 
satisfies the following condition: 

when d1 is the distance from the first surface to the first 
reflective mirror, and d2 is the distance from the first 
reflective mirror to the second reflective mirror. 

6. The reflective-type projection optical system described 
in claim 5, wherein the position of the third reflective mirror 
satisfies the following condition: 

when d2 is the distance from the first reflective mirror to the 
second reflective mirror, and 

d3 is the distance from the second reflective mirror to the 
third reflective mirror. 

7. The reflective-type projection optical system described 
in claim 6, wherein the reflective mirrors satisfy the following 
condition: 

400 mm<Mcp<600 mm 

when the maximum effective diameter of each of the 
reflective mirrors is Mcp. 

8. The reflective-type projection optical system described 
in claim 5, wherein the following condition: 

is satisfied when the maximum effective diameter of each 
of the reflective mirrors is Mcp and the maximum object 
height on the first surface is H0. 

9. The reflective-type projection optical system described 
in claim 5, wherein the following condition: 

1350 mm&TT1800 mm 

is satisfied when the axial interval between the first surface 
and the second surface is TT. 

10. The reflective-type projection optical system described 
in claim 5, wherein the image-side numerical aperture is at 
least 0.20 or greater. 

11. An exposure apparatus comprising: 
an illumination system for illuminating a pattern set on the 

first surface and the reflective-type projection optical 
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system described in claim 1, for exposing the pattern 
onto a photosensitive Substrate set on the second Surface. 

12. The exposure apparatus described in claim 11, wherein 
the illumination system has a light source configured to 

Supply X-rays as the exposure light, and 
further comprising: 
a mask stage which holds the first Surface and moves the 

first surface relative to the reflective-type projection 
optical system; and 

40 
a substrate stage which holds the photosensitive substrate 

and moves the photosensitive substrate relative to the 
reflective-type projection optical system. 

13. A device manufacturing method comprising: 
exposing the pattern onto the photosensitive Substrate with 

the exposure apparatus according to claim 11: 
developing the exposed pattern on the photosensitive Sub 

strate; and 
processing the developed photosensitive Substrate. 

k k k k k 


